INTRODUCTION {#SEC1}
============

Importance of triterpenes {#SEC1-1}
-------------------------

Triterpenes compose a diverse class of plant natural products, both in structure and function. They comprise (i) primary metabolites such as the phytosterols, which are the indispensable structural components of cell membranes, and hormones, such as brassinosteroids, and (ii) specialized (also called secondary) metabolites with diverse biological functions ([@B1],[@B2]). The latter include among others defence compounds with antimicrobial, antifungal, antiparasitic, insecticidal, anti-feedant and allelopathic activities ([@B3]) and leaf wax components ([@B4]). Primary metabolite triterpenes occur in all plant species. In contrast, specialized metabolite triterpenes are often restricted to a specific species or taxa although some of them can be quite widespread as a result of convergent evolutionary events. For example, compounds of the most common type of specialized metabolite triterpenes, i.e. the oleananes and their derivatives, are present in most flowering plant orders ([@B5]).

Specialized metabolite triterpenes show a striking diversity of structures from fairly simple unsubstituted triterpene backbones, such as the ones in leaf wax components, to complex molecules carrying multiple oxidative decorations, heterocycles, elaborate sugar chains and/or other chemical groups ([@B2]). Because these structures represent a wide range of biological activities, triterpenes have received considerable industrial interest as pharmaceuticals, cosmetics, agronomic agents, etc. Renowned examples are the quinine methide celastrol from *Tripterygium wilfordii* (thunder god vine), which has powerful antioxidant, anti-inflammatory, and anti-cancer activities ([@B6]) and QS-21, a soluble triterpene fraction from *Quillaja saponaria*, which is used as an adjuvant in vaccine formulations that are currently in clinical trials for anti-HIV, HPV, malaria, melanoma, mycobacterium tuberculosis and varicella zoster virus activities ([@B7]).

Triterpenes also have uses in the food industry, in which for instance glycyrrhizin from *Glycyrrhiza* species is used as a natural sweetener ([@B8]) and *Q. saponaria* extracts are being used as foaming agents and emulsifiers ([@B9],[@B10]). Furthermore, plant sterols have been shown to reduce cholesterol serum levels. Plant sterols are frequently esterified with fatty acids to increase their lipid solubility when present in a food ingredient. Several studies have shown a significant reduction in the LDL-cholesterol levels when people consumed food enriched with plant sterol or stanol esters ([@B11]). This fact highly increased the interest of food manufacturers in using phytosterols as supplements and food additives and thus in phytosterol biosynthesis.

Biosynthesis of triterpenes {#SEC1-2}
---------------------------

Plants produce triterpenes in long and branched biosynthetic pathways (Figure [1](#F1){ref-type="fig"}). Actual, known primary and specialized triterpenes are all built around a triterpene backbone based on six isopentenyl pyrophosphate (IPP) building blocks originating from the mevalonate (MVA) pathway ([@B2]). Part of the generated IPP pool is converted into the allylic isomer dimethylallyl pyrophosphate (DMAPP) by IPP isomerase. Two molecules of IPP and one molecule of DMAPP are assembled to farnesyl pyrophosphate (FPP) by prenyltransferase farnesyl pyrophosphate synthase. FPP is the building block for various MVA-dependent terpene pathways, including the tri- and sesquiterpenes ([@B12]). The first committed step in triterpene biosynthesis is the condensation of two molecules of FPP by squalene synthase (SQS) to produce the first triterpene, squalene. This molecule is then activated by epoxidation by a squalene epoxidase (SQE), resulting in 2,3-oxidosqualene ([@B2],[@B13],[@B14]).

![Overview of plant triterpene biosynthesis. Plants produce diverse types of triterpenes, some of which are depicted here. BAS, β-amyrin synthase; BOS, baccharis oxide synthase; CAS, cycloartenol synthase; CPQ, cucurbitadienol synthase; DDS, dammarenediol synthase; FRS, friedelin synthase; LUP, lupeol synthase; MRO, marneral synthase; MVA, mevalonate; P450s, cytochrome P450s; SC, squalene cyclase; SQE, squalene epoxidase; SQS, squalene synthase; THAS, thalianol synthase; UGTs, UDP-glycosyltransferases.](gkx925fig1){#F1}

The first branching point in triterpene biosynthesis is the cyclization of 2,3-oxidosqualene by oxidosqualene cyclase (OSC) enzymes into one of the more than hundred known triterpene backbones, such as cycloartenol for primary sterol synthesis or β-amyrin for specialized triterpenes (Figure [1](#F1){ref-type="fig"}). This cyclization is driven by an initial epoxy group protonation, followed by a cyclization and subsequent rearrangement of carbocation species and finally terminated by deprotonation or water addition ([@B15]). As an exception, compounds from the fern-specific class of triterpenes, hopanes, are cyclized directly from squalene by squalene cyclases (SCs) ([@B16]) (Figure [1](#F1){ref-type="fig"}).

The generated backbones are further functionalized by oxidations catalyzed by cytochrome P450 (P450) enzymes, which further enhances their diversity in structures and bio-activities ([@B2],[@B13],[@B14],[@B17],[@B18]). These reactions include simple hydroxylation reactions but also more complicated oxidation reactions such as additional cyclization, epoxidation, ring-opening or dealkylation (Figure [1](#F1){ref-type="fig"}). Finally, triterpenes can be modified by addition of sugars, sugar chains or other chemical groups to the activated carbons. Typical substitutions include glycosylation by family-1 UDP-glycosyltransferases (UGTs), but also other groups can be added and chemical modifications can be performed by e.g. acyltransferases, acetyltransferases, methyltransferases and different oxidoreductases ([@B2],[@B13],[@B14],[@B17],[@B18]) (Figure [1](#F1){ref-type="fig"}). Glycosylated triterpenes are usually referred to as triterpene saponins.

Phytosterols encompass some of the best-studied triterpenes. They are essential components of eukaryotic cell membranes and act as precursors for the biosynthesis of the plant brassinosteroid hormones and of specialized taxa-specific steroidal triterpenes that include the steroidal (glyco)alkaloids. Phytosterols are synthesized from 2,3-oxidosqualene via cycloartenol, generated by the OSC cycloartenol synthase (CAS), followed by a 14--17 step enzymatic pathway ([@B19],[@B20]). This pathway contains many different types of enzymes and results in the production of sterols such as stigmasterol, β-sitosterol and campesterol, which are the most commonly consumed plant sterols provided by vegetable oils ([@B19],[@B21]). Using partly the same enzymes, but in a parallel pathway, plants also synthesize cholesterol ([@B22]), which in turn can serve as the starting point for the steroidal glycoalkaloids in Solanaceae species ([@B22],[@B23]). Whereas stigmasterol and β-sitosterol phytosterols are involved in the structure and function of cell membranes, campesterol is the starting point of brassinosteroid biosynthesis, plant hormones with main roles in plant growth, development and stress responses ([@B24]--[@B26]).

Enzymes from the phytosterol and brassinosteroid biosynthesis pathways have been fairly well characterized in the model plant *Arabidopsis thaliana* and to a lesser extent in rice, pea and tomato ([@B27],[@B28]). In contrast, only a small fraction of the specialized metabolism pathway enzymes has been characterized to date, mainly because of their immense variability. Indeed, most plant families have their own unique subset of triterpene biosynthesis enzymes that contribute to a species-specific compendium of often unique structures with unique bio-activities. The diversity of specialized metabolism triterpenes arises from their modular biosynthesis where a variety of species-, genus-, or family-specific OSCs, P450s, UGTs and other decoration enzymes act in rather web-like than linear pathways, producing arrays of bio-active compounds rather than single effective compounds ([@B1],[@B2],[@B13],[@B14],[@B17],[@B18]).

In recent years, the number of characterized triterpene biosynthesis enzymes has increased extensively, mostly because of the tremendous increase in genome and transcriptome sequencing data available. This has enabled large-scale discovery programmes based on, for example, genetics and genome cluster organization ([@B29]--[@B31]), co-expression ([@B32]) or molecular evolution of enzymes ([@B33]), and aimed at the elucidation of entire biosynthetic pathways or the characterization of entire enzyme families. Likewise, there is an increased interest in triterpene biosynthesis, which is driven by the potential commercial value of some of them and efforts towards enhanced production of triterpenes of interest in plants and in various heterologous hosts ([@B34]--[@B39]). The TriForC database presented here (i) is a user-friendly portal for the utilization of all available and validated genetic and biochemical triterpene biosynthesis resources and (ii) provides a broad view reference on plant triterpene biosynthesis.

DATABASE CONTENT {#SEC2}
================

Database concept {#SEC2-1}
----------------

The TriForC database (<http://bioinformatics.psb.ugent.be/triforc/>) is a fully manually curated resource with a fairly simple setup and comprising all plant triterpene biosynthesis enzymes biochemically characterized to date. Presently, this database includes 271 enzymes from 70 different plant species that are able to catalyse \>700 reactions (Figure [2](#F2){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). This information has been compiled from data published in 172 peer-reviewed scientific papers. Given their importance and general occurrence in triterpene biosynthetic pathways, we have collected data (e.g. substrate, product, pathway and species) for 14 different types of enzymes, namely OSCs, P450s, UGTs squalene synthases, squalene epoxidases, acyltransferases, methyltransferases, methyloxidases, isomerases, reductases, transaminases, desaturases, dehydrogenases/decarboxylases, and epoxide hydrolases. Accordingly, we have included 256 different compounds in the database, all linked to the corresponding enzymatic reactions, either as the substrate or the product. All of the included enzymatic reactions have been experimentally demonstrated to be functional, at least in heterologous systems, such as yeast (*Saccharomyces cerevisiae*) or tobacco (*Nicotiana benthamiana*), and, in several cases, also by gain- or loss-of-gene-function analysis in the host plant.

![Screenshot of the interactive phylogenetic tree containing all plant species included in the TriForC database. All triterpene enzymes produced by each of these plants and included in the TriForC database are linked to the respective plant name.](gkx925fig2){#F2}

###### Current status of the data curated to construct the TriForC database

  Type of information   Total number
  --------------------- --------------
  Triterpene enzymes    271
  Enzymatic reactions   716
  Substrates            164
  Products              266
  Plant species         70

The main characteristics of the TriForC database are that it is manually curated, complete in terms of triterpene enzymology, and user-friendly (i.e. easily accessible, easily maintainable, and easily queriable). As such, this database distinguishes itself from the well-known and excellent MetaCyc and KEGG metabolic databases that cover many more biological aspects than triterpene biosynthesis alone and, therefore, require prior knowledge of metabolic pathways for accurate usage. Accordingly, to benefit fully from these more elaborate metabolic databases, prior information about what it is expected to be found is required. In contrast, the TriForC database is a database exclusively devoted to triterpenes, directly showing the complete picture, where possible and relevant, also in a species-specific manner. The easy-to-use search tools (see the section below) allow the user to query directly for enzymes and obtain all the corresponding enzymatic reactions together with the respective substrates and products on the same web page and displayed in an interactive way. In addition, the TriForC database contains actualized information and therefore a higher coverage of triterpene biosynthesis enzymes than the previously mentioned databases. In other words, whereas the KEGG and MetaCyc databases are more comprehensive in terms of different metabolic pathways, the TriForC database is more comprehensive and up-to-date than the aforementioned databases in terms of triterpene biosynthesis and aspires to maintain that status.

Furthermore, the KEGG and MetaCyc databases compile both manually curated information and automatically generated data. Consequently, in some cases, doing a search in these databases will result in a joint listing of characterized (validated) enzymes as well as numerous 'predicted' enzymes, in some cases with erroneous annotations, thus demanding more mining time and effort from the user. In contrast, the TriForC database exclusively contains manually curated data, which will ensure high quality data and thus opens it up for researchers from different scientific fields, not only plant biology, that do not necessarily have in-depth expertise in triterpene biosynthesis but a common interest in these valuable and ubiquitous compounds.

Database structure and usage {#SEC2-2}
----------------------------

The content of the database is organized in three different sections (or levels) that contain enzymes, compounds (substrates and products of the enzymes) and pathways. The information present in each of these sections is fully interconnected via specific links. Furthermore, filters for enzyme type and plant species are included in the enzymes and compounds sections to narrow the search.

The enzymes section contains a list of all triterpene-metabolizing enzymes that have been validated up to date (Figure [3A](#F3){ref-type="fig"}). Each enzyme page presents the enzyme name, GenBank and UniProt accessions, description, protein and cDNA sequences, type of enzyme, reaction and regiospecificity, as well as links to each compound page (substrates and products), pathways, plants and scientific references (Figure [3B](#F3){ref-type="fig"}). Each external reference (e.g. GenBank, references) is provided as a link-out to the relevant resource.

![Screenshot of the enzyme pages of the TriForC database. (**A**) The enzyme catalogue page shows for each enzyme the name, type, plant of origin, functional description and links to the GenBank accession number and the scientific paper describing it. The enzymes listed can also be restricted per enzyme type or plant species by clicking on one of the pop-up choices in the 'Type' or 'Plant' boxes on top. Every enzyme 'line' provides a link to a page devoted to one enzyme (**B**). The AaBAS enzyme page shows all available information for that enzyme as well as links to each compound page (substrates and products), pathways, host plant species, GenBank and UniProt accession numbers and scientific references (PubMed).](gkx925fig3){#F3}

The compounds section contains a list of all triterpene compounds included in the database. Each compound page includes the compound name, alias, molecular formula, molecular weight, Chemical Abstracts Service (CAS) registry number and links to PubChem database ([@B40]), involvement in pathways, plant association and scientific references. In addition, in each compound page, it is shown whether this compound is a 'substrate of' a determinate enzyme or the 'product of' another enzyme.

The pathways section shows reconstructed biosynthetic pathways from several plant species (Figure [4A](#F4){ref-type="fig"}). In this section, the user can view detailed pathway maps, for example, depicting brassinosteroid, phytosterol or a species-specific specialized triterpene saponin or steroidal glycoalkaloid biosynthesis pathway. Each pathway page contains the structure of the substrates and products together with all the enzymes that are catalysing each reaction step.

![Screenshots of some of the TriForC database tools. (**A**) Pathway section for *Veratrum californicum*. This scheme shows the complete triterpene biosynthesis pathway that is experimentally validated from this plant species. Full arrows correspond to established enzymatic reactions catalysed by identified and experimentally validated enzymes. Dashed arrows indicate that there is a putative intermediate compound between the substrate and product that still has not been experimentally isolated. (**B**) Substructure search tool. A carbon backbone with or without functional groups can be drawn in the designated area (left box). The search results display, simultaneously while drawing, the compounds present in the TriForC database that match the drawn structure.](gkx925fig4){#F4}

The highly-linked structure of our database ensures flexibility during the navigation of the website, which permits all information to be reachable regardless of the starting point.

Search tools {#SEC2-3}
------------

All data in the database can be browsed using the search tool that presents keyword, sequence, BLAST, substructure and plant species options.

The keyword search tool allows the user to search by compound and enzyme name, alias, CAS number, short description or GenBank ID.

Identical, homologous or similar genes or proteins included in the TriForC database can be found by submitting a FASTA query sequence (nucleotide or amino acid) in the 'BLAST search' tool.

In addition, an innovative substructure search tool has been included in our database. This tool is based on the SMILES representation (a textual representation of chemical structures) ([@B41]) and utilizes the openchemlib-js library developed for 'Wikipedia Chemical Structure Explorer' (<http://www.cheminfo.org/wikipedia/>) ([@B42]). This tool permits to search for certain substructures within a triterpene structure. For example, it can be used to find all structures present in the database with a given carbon backbone or with a specific functional group at a certain position of the backbone (Figure [4B](#F4){ref-type="fig"}). The search results that list the compounds with a similar structure are displayed in real time as a substructure is being drawn. Furthermore, this search tool is interactive, meaning that when the user modifies the query by removing or adding atoms or functional groups, a new search is automatically carried out and the new results are displayed.

Finally, the plant species search page displays a phylogenetic tree displaying all the plant species included in our database with links to the list of enzymes that can be found in each plant species (Figure [2](#F2){ref-type="fig"}). The plant species coverage of this database spans all vascular plants, from terrestrial or epiphytic ferns (*Polypodium, Adiantum*) to angiosperms. Inside the dicotyledon group, herbaceous perennial plants (*Aquilegia coerulea, Centella asiatica*, etc.), crops (*Solanum tuberosum, Cucumis sativus*, etc.), wormwoods (*Artemisia annua*), trees (*Malus domestica*) and legumes (*Lotus japonica, Medicago truncatula*) can be found. The selection of plant species is driven by a sole criterion, which is the existence of a peer-reviewed scientific paper describing a triterpene biosynthesis enzyme in that species.

Together, these four search tools constitute a unique search engine compendium that, to the best of our knowledge, does not exist in any other metabolic database.

CONCLUSIONS AND PERSPECTIVES {#SEC3}
============================

The TriForC database is a comprehensive, easily accessible and user-friendly database containing a complete and state-of-the-art overview of characterized triterpene biosynthesis enzymes. Our database permits to retrieve all available and curated information from each included enzyme and offers interactive metabolic pathway views and an unprecedented compendium of 'classic' and innovative search engines. Overall, the concept of our database, as well as the way the type of information and tools are compiled in a single database, are, to the best of our knowledge, unique among its kind. As such, our database aspires to facilitate gene mining in general and also creates a genetic toolbox for synthetic biology programmes for the production of high-value triterpene compounds. Furthermore, this database may prove useful for non-plant researchers as well, given that triterpenes are not restricted to plants, but can be encountered in any eukaryote, minimally as sterols, which are the vital components for eukaryote cell membrane structures and precursors of fat-soluble vitamins and steroid hormones.

To safeguard longevity, sustainability and robust maintenance of the TriForC database, two main measures have been taken. First, the database is hosted by our centre (VIB-UGent Center for Plant Systems Biology), which has a longstanding reputation in the generation and maintenance of databases and web tools. Second, an updating system was developed that does not require extensive professional IT skills but merely relies on a regular updating of a limited number of database spreadsheet and structure vector files with novel manually curated data. The updated files are then easily uploaded in the database webpage, ensuring the maintenance of a state-of-the-art database. We aim to actualize these files at least twice a year, when new publications become available in the triterpene field. Furthermore, in order to guarantee the correctness of the information, some data such as nucleotide and protein sequences, compound information and reference details are automatically retrieved from other databases such as GenBank, UniProt, PubChem and PubMed.

In the future, expansion or translation to other terpene classes could be envisaged, such as the mono-, di-, or sesquiterpene classes that are as important and diverse as the triterpenes. The way the TriForC database has been designed, this will only require the commitment and a straightforward curation effort of only a few leading researchers for each of the metabolite classes.
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